Abstract The chinch bug, Blissus leucopterus leucopterus (Say) (Heteroptera: Blissidae), is the most important insect pest of pearl millet (Pennisetum glaucum L. R. Br.) production in the southeastern and central United States. Chinch bug feeding causes stunting and leaf sheath necrosis of the young seedlings and loss of crop stand in severe infestations. Sixteen germplasm entries (including hybrids and inbreds) of pearl millet were screened for chinch bug resistance on 2 planting dates. 'Dove' proso millet (Pan/Gum miliaceum L.) was interplanted in 2-row strips among experimental plots to attract adult chinch bugs and establish initial chinch bug infestations. Use of a proso millet trap crop strip was effective in establishing chinch bug infestations for screening of pearl millet for chinch bug resistance in the field. Weekly samplings were begun when plants were at the 5-leaf stage. Significant differences in adult and nymph numbers, stunting and necrosis ratings, percent tiller loss, crop stand loss, and chlorophyll content were recorded for the 16 pearl millet germplasm entries. Combining all injury evaluation parameters (i.e., stunting and necrosis ratings, percent tiller loss, and crop stand loss), we identified that TifGrain 102' had a moderate level of chinch bug resistances e data demonstrated that, millet would aeh resistance. Entries 637 (i.e., 59668A x NM-513), 639 (59668M x 9Rm/ 4Rm), 648 (i.e., 02GH973 x Tift 454), and 653 (i.e., NM-5A1 x NM-7R1R5) were the most resistant; whereas, entries 640 (i.e., Tift 9913), 641 (i.e., Tift 454), and 644 (i.e., 02F 289-1) were the most susceptible to chinch bug feeding. The study showed the combination of nondestructive visual ratings (i.e., stunting and necrosis ratings, tiller loss, and stand loss) and chlorophyll content could be used for evaluating chinch bug resistance in pearl millet.
In addition to causing injury on pearl millet, chinch bugs (Blissus spp.) also are an important group of pests on other crops and turf grasses throughout the southern and Great Plain states. Annual losses caused by chinch bugs on sorghum production have been estimated as $10-11.3 million for Nebraska and $19 million for Kansas (Spike et al. 1994) . Blissus spp. and related species cause significant damage on warm-season turf grasses such as buffalograss and St. Augustine grass (Heng-Moss et al. 2003b, Merchant and Crocker 1999) .
Although the literature for chinch bug on pearl millet and other grain crops is limited, a number studies have been reported on maize (Zea mays L.). Using a 1-9 visual rating scale for chinch bug damage, Wilde and Morgan (1978) reported that 'Early Sumac' sorghum, Sorghum bicolorL. Moench, was significantly more resistant to the chinch bug than 3 other cultivars evaluated (i.e., 'Honey', 'Redlan', and 'Spanish Broomcorn'). Negron and Riley (1985) reported that young maize plants in the V2 stage were more susceptible to chinch bug injury than the older plants. The damage persisted after the removal of the insects, and previously infested plants exhibited stunted growth in comparison with the uninfested plants. Similar results were reported on sorghum when 30 chinch bugs per plant fed for 6-7 d, resulting in death of sorghum seedlings 75-125 mm in height (Wilde and Morgan 1978) . Negron and Riley (1990) evaluated the long-term effects of chinch bug feeding on maize and concluded that with the 9-d infestation, the younger (V 2 stage) plants suffered a significantly greater reduction in ear weight and length in comparison with older (V 5 stage) plants. Using a visual injury rating scale (1-9), Davis et al. (1996) reported that, under greenhouse conditions, corn inbred line 'Tx 601' was resistant to the chinch bug, whereas 'Mp 420' was highly susceptible. On pearl millet, Starks et al. (1982) reported that 38 of 200 entries from an experimental population [MXPI(S)C2] had a relatively high level of chinch bug tolerance, because the number of chinch bugs on the resistant and susceptible germplasm entries did not differ. Despite the importance of the chinch bug as a pest of pearl millet, few current reports on pearl millet resistance to the chinch bug are available (Wilson et al. 2000) .
The objective of this experiment was to evaluate 16 pearl millet germplasm entries (including inbred lines and hybrids) from 2 breeding programs (i.e., the Crop Genetics and Breeding Research Unit, USDA-ARS, Tifton, GA, and the University of NebraskaLincoln) for chinch bug resistance. The germplasm entries were evaluated using plant height, growth stage, visual injury (i.e., stunting and necrosis) rating scales, tiller loss per plant, and crop stand loss. In addition, leaf chlorophyll content also was measured to determine whether necrosis rating was correlated to leaf chlorophyll content loss.
Materials and Methods
Plants. Sixteen pearl millet germplasm entries from the breeding programs at Lincoln, NE and Tifton, GA (Hanna et al. 2005a (Hanna et al. , 2005b (Table 1) were planted in 2 trials on the Black Shank Farm (University of Georgia, Tifton, GA) on 18 June and 16 July 2004, respectively. According to our previous observations, the commercial hybrid 'TifGrain 102' (or T102) and inbred line 'Tift 454' (entry 641) were designated as the resistant and susceptible controls, respectively. The experiment used a randomized complete block design with 16 pearl millet entries and 4 replications (block factor). Size of each of the 64 plots (16 entries x 4 replications) was 3 x 1 m. The 2 planting dates were considered the 2 trials of the experiment. Chinch bug infestation. To attract natural chinch bug populations, 2 rows of 'Dove' proso millet (Panicum miliaceum L.) were concurrently planted at the edges of the field as well as among the 4 replications of the experiment as suggested in a previous study to screen for chinch bug resistance in sorghum (Rajewski and Dweikat 2003) . The fields were planted in a pattern of every 4 rows of pearl millet then 2 rows of Dove proso millet. Such a design attracted chinch bug adults to infest proso millet seedlings, from which the insects dispersed into pearl millet plots after killing the proso millet plants.
Estimate of the initial chinch bug populations. The chinch bug population was estimated on the first sampling date to compare the initial infestation level, as well as the attractiveness of the 16 pearl millet entries. Three plants per plot were randomly selected for both insect population counts and injury assessment. Because the chinch bugs typically aggregated inside leaf sheaths at the base of the millet plants, both adults and nymphs were recorded by gently unfolding the basal leaf sheaths to count bugs hidden under the leaf sheath.
Chinch bug injury assessment. Chinch bug injury on pearl millet was assessed on 3 randomly-selected plants per plot for each of the 2 planting dates. Plant height, growth stage, tillers per plant, dead tillers per plant, and stunting and necrosis ratings were recorded for each of the sampled plants. To assess temporal changes of injury symptoms, injury was assessed weekly for 4 wk starting at the 6-leaf (V 6) stage. On the last sampling date, the number of dead and live plants per plot was recorded to measure crop stand loss. The chinch bug-elicited stunting and necrosis rating scales on pearl millet were developed by simplifying the rating scales described by Wilde and Morgan (1978) , Davis et al. (1996 ), and Heng-Moss et al. (2002 , 2003b ) on other crops. Stunting was rated using the scale of 0-3, with 0 = normal plant height, 1 = 75%, 2 = 50%, and 3 = 25% of the normal plant height. Necrosis of basal leaf sheaths was rated using a scale of 1-5, with 1 = 0-20% of leaf sheath area showing necrosis, 2 = 21-40%, 3 = 41-60%, 4 = 61-80%, and 5 = 80%-dead. The designation of chinch bug resistance of an entry was based on 2 criteria: (1) the entry had a statistically significantly lower injury assessment when compared with the susceptible control, and (2) the injury assessment also was lower than the average of injury assessment indices among all entries used in this study.
Chlorophyll content measurement. Leaf chlorophyll content was recorded from the 3 randomly selected plants in each plot to compare chlorophyll content with chinch bug-elicited stunting and necrosis. On a selected plant, 3 readings were taken from the first collared leaf, and the mean of the 3 readings was recorded for a sampled plant. The mean of 3 sampled plants per plot was then calculated and used for further statistical analysis. Leaf chlorophyll content was measured using a SPAD-502 chlorophyll meter (Minolta, Japan). Chlorophyll content (pmol/m 2) was calculated according to a standard curve, chlorophyll (pmol m 2) = 10 (M 0.261), where M is the chlorophyll meter reading (Markwell et al. 1995) .
Data analysis. If the comparison of the data from the two trials (or planting dates) showed no significant difference, the data were pooled. If the data were different between the trials, the data were analyzed within each trial. Within each trial, the 4-wk visual insect injury rating data were analyzed as repeat measures design using PROC GLM followed by the LSD test (c = 0.05) (SAS Institute 2003). All 4-wk sampling data collected from each planting date were used to determine the temporal changes of chinch bug injury. Data from the final (the 4th wk) sampling were analyzed for chinch bug resistance using the PROC GLM procedure as described previously, because the injury ratings at the final sampling date recorded the most insect injury. To assess the impact of chinch bug feeding on chlorophyll content, the weekly chlorophyll content measurements were compared among the 16 entries on each sampling date. The correlation between chinch bug-elicited injury ratings plant parameters (i.e., height and chlorophyll content of the top leaf with leaf collar) was examined using PROC CORR (SAS Institute 2003) . Correlation between the two injury ratings (i.e., necrosis and stunting) was also examined.
Results
Chinch bug population. The interplanting of Dove proso millet resulted in establishing a relatively uniform infestation of the chinch bugs in the pearl millet plots.
Although the initial total number (adults and nymphs) of the chinch bugs was not significantly (F = 1.62; df = 15, 329; P = 0.0676) different among the germplasm entries, the total number of the chinch bugs on the 16 entries was significantly different between planting dates (F= 58.15; df= 1, 329; P= 0.0001). The first planting date had a significantly higher initial infestation (47 insects per plant) than the second planting (30 insects per plant). Because a significant effect of planting date by entry interaction (F= 1.85; df = 15, 329; P = 0.0271) on the total number of the chinch bugs was detected, the insect numbers from the 2 planting dates were analyzed separately.
The mean number of adults per plant was not significantly different among the entries for the first planting date (F = 1.71; df = 15, 159; P = 0.0534) but was significantly different for the second planting date ( F =3.07; df = 15, 170; P =0.0002). In contrast, the mean number of nymphs per plant was significantly different for the first sampling (F= 1.97; df = 15, 159; P= 0.0201) but not for the second planting date (F = 1.30; df = 15, 170; P = 0.2063). Because we used natural infestation, the difference in the number of adults also could be used to determine the preference of the chinch bugs among the 16 entries. The pooled insect data of the 2 planting dates showed that TifGrain 102 and 637 attracted the highest number of the adults, whereas the entries 640 and 644 attracted the least number of the adults (Fig. 1A) . Similarly, the entries 637 and 643 had the highest number of nymphs per plant, whereas the entries 638, 640, 641, 645, and 653 had the lowest number of nymphs per plant at the first sampling (Fig. 1B) .
Chinch bug injury. Plant height (± SEM) in the late planting was significantly shorter (86.2 ± 0.9 cm) than that of the early planting (67.4 ± 0.9 cm) (F = 779.29; df = 1, 1233; P = 0.0001), which showed that plant growth varied between the 2 planting dates. In addition, plants from the late planting also had significantly (F = 219.27; df = 1, 1233; P = 0.0001) fewer numbers (5.88 ± 0.1) of tillers per plant when compared with plants from the early planting (8.26 ± 0.2).
In contrast, the visual stunting and necrosis ratings showed no significant difference (P values > 0.05) between the 2 planting dates. Because stunting and necrosis ratings and dead tillers per plant were not significantly different between the 2 planting dates (P values >0.05), the injury assessment data from the two planting dates were combined for analysis. The rating of chinch bug-elicited stunting was significantly different among the germplasm entries (F= 41.72; df = 15, 1189; P= 0.0001) and sampling time (F= 16.36; df = 3, 1189; P = 0.0001). The stunting rating also was influenced by germplasm entry and sampling time interaction (F= 4.36; df = 45, 1189; P = 0.0001). At the last sampling date, TifGrain 102, 636, 637, 638, 639, 647, 648, 651, and 653 showed no stunting, whereas the other 7 entries showed varying degrees of stunting ( Fig. 2A) . A negative correlation was detected between plant height and stunting rating (r = -0.62, P = 0.0001, n = 190) and between plant height and necrosis rating (r = -0.40, P = 0.0001, n = 190).
The necrosis ratings were affected significantly by entry (F = 22.38; df = 15, 1190; P= 0.0001), sampling time (F= 79.52; df = 3, 1190; P= 0.0001), and the interaction of germplasm entry by time (F= 1.68; df = 45, 1190; P= 0.0001). Necrosis at the last sampling date showed that entries 643, 644, 651, and 652 had the highest necrosis ratings, whereas TifGrain 102 and entries 637, 638, 639, 645, 647, 648, 650, and 653 had the lowest necrosis ratings among the 16 entries (Fig. 2B) . In addition, the percentage of the dead tillers per plant was affected significantly by entry (F = 6.37; df = 15, 1189; P = 0.0001), sampling time (F= 68.54; df = 3, 1189; P = 0.0001), and by germplasm entry and sampling time interaction (F = 1.44; df = 45, 1189; P = 0.0001). At the last sampling date, entries 640 and 644 showed the greatest percentage of dead tillers per plant, whereas the entries 636, 637, 639, 645, 648, 650, 652 , and 653 had the lowest percentage of dead tillers per plant (Fig. 20) .
Crop P = 0.0487). Entries 640, 641, 644, and 650 had the greatest stand loss among the 16 entries, with all plants of entry 644 being killed by the fourth weekly sampling on both planting dates (Fig. 2D) . In contrast, TifGrain 102 and entries 636, 637, 638, 639, 645, 647, 648, 651, and 653 showed the least stand loss.
Leaf chlorophyll content. The influence of chinch bug feeding on chlorophyll content differed significantly among pearl millet entries (F= 22.76; df = 15, 334; = 0.0001), sampling times (F= 191.78; df = 3, 334; P= 0.0001), and planting dates (F= 132.24; df = 1,334; P= 0.0001), entry by sampling time interaction (F= 191.78 ; df= 3,334; P= 0.0001), and planting date by sampling time interaction (F= 191.78 ; df = 3,334; P = 0.0001). However, the entry by planting time, and 3-way interaction (entry by sample time by planting date) showed no effect on chlorophyll content (P values > 0.05). Because chlorophyll content was significantly different between the 2 planting dates, the weekly sampling data are presented separately in Table 2 . At the first planting date, TifGrain 102 had the highest leaf chlorophyll content, whereas entries 640 and 644 had the lowest leaf chlorophyll content, and all 4 plots for entry 644 were J. EntomoL Sd. Vol. 42, No. 4 (2007) killed by chinch bug feeding by the fourth sampling for the second planting (Table 2) . A similar pattern was observed for the second planting date, with TifGrain 102 having the highest and entry 640 having the lowest leaf chlorophyll content. Correlation between insect injury ratings and chlorophyll content. Irrespective of germplasm entry differences, chlorophyll content and stunting rating (r= -0.28, P = 0.0001, n = 344) were negatively correlated, whereas chlorophyll content and leaf sheath necrosis rating were not closely correlated (r = -0.005, P = 0.927, n = 344). Furthermore, plant stunting and necrosis ratings were positively correlated (r= 0.27, P = 0.0001, n = 344). The entries 644 and 650 showed a significantly positive correlation between chlorophyll content and necrosis rating (Table 3) . Entries 641 and 650 showed a negative correlation between chlorophyll content and stunting rating, whereas the entry 643 with stay-green trait showed a positive correlation between the 2 parameters. Also, entries 637 and 640 showed a significant positive correlation between the stunting and necrosis ratings. Comparison of correlation coefficients of all entries indicated the correlation coefficient variation was not always directly associated with resistance (or susceptibility) to chinch bug feeding (Table 3) , which suggested these 16 germplasm entries responded to chinch bug feeding differently.
Discussion
Although plant height and number of tillers indicated that the plant growth varied between the 2 plating dates, the injury rating data showed that the use of natural infestation was effective under both early and late planting conditions, in spite of the difference in the number of chinch bugs on plants. Because of technical difficulties in establishing and maintaining a chinch bug colony in the laboratory (Parker and Randolph 1972) , chinch bugs were not available year-round to perform either field or laboratory screening for pearl millet resistance. Consequently, field screening had to rely on natural infestations of the chinch bugs. This study showed that interplanting Dove proso millet as a trap crop among pearl millet plots was effective in establishing relatively uniform chinch bug infestations on pearl millet. After killing the proso millet seedlings, the chinch bugs dispersed to the pearl millet seedlings. The use of trapping crops in agriculture has been studied extensively on a number of insect-crop systems (Hokkanen 1991) , as well as in the context of farmscape ecology (Tscharntke and Brandl 2004) . However, only one previous report has used this concept to establish initial chinch bug infestation on sorghum for the purpose of screening for insect resistance in sorghum (Rajewski and Dweikat 2003) . This technique is of particular importance for insects (e.g., the chinch bug) that are difficult to rear under laboratory conditions. The data from this study showed that the initial infestation of the total number of chinch bugs was similar among the 16 entries, which served the purpose of our experiment to have a uniform insect infestation. This technique also could be easily adapted to the field screening for chinch bug resistance in other crop systems.
Non-destructive visual injury ratings and tiller and crop stand losses are valuable for screening germplasm under field conditions, because the pearl millet plant height and number of tillers differed depending on environmental conditions at different planting dates. The injury rating system used in this study was simpler than the one used by Davis et al. (1996) which used a scale of 1-9 for chinch bug feeding injury rating on corn. Our rating scale for necrosis was similar to the scale of Wilde and Morgan (1978) on sorghum and Heng- Moss et al. (2003b) on turf grasses, which used a scale of 1-5 for injury rating on sorghum and buffalograss. The negative correlation between visual stunting rating and plant height demonstrated that the stunting rating (0-3) could accurately assess chinch bug injury on pearl millet.
As a consequence of the stunting and necrosis elicited by chinch bug feeding, tiller and stand losses were also valuable in assessing chinch bug resistance in pearl millet. Because the comparison of the entries with the least injury according to the 4 injury evaluation parameters (i.e., stunting and necrosis ratings, dead tillers per plant, and stand loss per plot) indicated that TifGrain 102, entries 636, 638, and 647 showed the least amount of injury, we designated these 4 entries as moderately resistant to chinch bug feeding (Table 4) . Similarly, entries 637, 639, 648, 651, and 653 were identified as the most resistant entries because of their inclusion in all 4 parameters (Table 4 ). In contrast, entries 640, 641, and 644 were the most susceptible to chinch bug feeding among all of the entries examined. Although germplasm entry 637 had a high number of chinch bug adults and nymphs (Fig. 1) , low stunting and necrosis ratings ( Figs. 2A and B) indicated one of the important chinch bug resistance mechanisms in entry 637 might be related to its tolerance to insect feeding. It is worth noting that all resistant entries (i.e., T102, 637, 648, and 653) we identified in this study were hybrids, whereas the most susceptible entries (i.e., 640, 641, 644) were all inbred lines. The possible positive correlation between plant vigor (or growth rate) and its tolerance to chinch bug feeding injury should be further examined.
Because germplasm entry by planting date interaction significantly affected injury ratings (i.e., stunting, necrosis, and percentage of dead tillers), the injury rating data from 4 weekly samplings demonstrated that the temporal pattern of injury was dynamic, and varied among the 16 entries throughout the sampling periods. The dynamic nature of the injury rating was further examined to understand chinch bug resistance mechanisms in pearl millet, and to assess chinch bug-elicited biochemical and physiological responses of pearl millet plants. The data from the last sampling date with the most injury provided the ultimate indices for selecting chinch bugresistant germplasm.
This study using the 16 germplasm entries showed that leaf chlorophyll content of pearl millet plants was negatively correlated to visual stunting rating, and the stunting rating was positively correlated to necrosis rating. However, leaf chlorophyll loss was not correlated to the necrosis rating on leaf sheath. Chlorophyll content has been used to measure injury by cereal aphids [e.g., the greenbug, Schizaphis graminum (Rondani) , and the Russian wheat aphid, Diuraphis fox/a (Mordvilko)} where aphidelicited chlorosis occurred on cereal leaves (Deol et al. 1997 , Girma et al. 1998 , Heng-Moss et al. 2003a ). However, chinch bug-elicited necrosis on pearl millet occurred on basal leaf sheaths of the plants, because nymphs and adults predominately aggregated and fed inside basal leaf sheaths. This spatial difference might be the reason that chlorophyll meter readings were not directly correlated to leaf sheath necrosis ratings as it had been demonstrated by the leaf-feeding aphid injury. However, when the entries were examined individually, entry 644 (chinch bug susceptible) had the least amount of chlorophyll or was killed by chinch bug feeding, which demonstrated a positive correlation between necrosis rating and chlorophyll loss (Table  3) . Such variable responses among the 16 germplasm entries to chinch bug feeding are valuable in further deciphering the mechanisms of chinch bug resistance and desistance (or susceptibility) in pearl millet. The close negative correlation coefficients between stunting rating and chlorophyll content demonstrated that the stunting rating was a reliable method for screening pearl millet for chinch bug resistance. Nevertheless, with further work it might be possible to include chlorophyll content as part of a comprehensive index to assess plant vigor, which could be used to assess pearl millet resistance to chinch bug and to understand the differential responses of resistant and susceptible millet plants to chinch bug feeding.
The present research demonstrated that Dove proso millet may be used as an effective trap crop in establishing an initial chinch bug infestation. Simplified nondestructive visual injury rating scales for stunting and necrosis were valuable in assessing chinch bug resistance and desistance in pearl millet. In comparison with TifGrain 102, entries 637, 639, 648, and 653 were the most resistant, whereas entries 640, 641, and 644 were the most susceptible to chinch bug feeding among the 16 entries examined.
